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methyletheru (PVME). NMR meˇrˇen´ı vzork˚u s koncentrac´ı 10 – 90 obj.% ethanolu ob-
sahovala urcˇen´ı chemicky´ch posuv˚u, relaxacˇn´ıch cˇas˚u, translacˇn´ıch difu´z´ı a nuklea´rn´ıho
Overhauserova efektu a vy´pocˇty hydrodynamicky´ch polomeˇr˚u. Veˇtsˇina meˇrˇen´ı vykazo-
vala okolo 50 obj.% extrema´ln´ı hodnoty. PVME, voda, ethanol, bina´rn´ı smeˇsi voda/etanol
a smeˇsi PVME/voda/ethanol byly zkouma´ny metodami DSC v cele´m koncentracˇn´ım
rozsahu ethanolu a n´ızky´ch koncentrac´ıch PVME. Meˇrˇeny byly take´ vzorky s vysokou
koncentrac´ı PVME ve vodeˇ. Byl z´ıska´n za´kladn´ı popis smeˇs´ı PVME/voda/etanol jako
teplota skelne´ho prˇechodu, teploty krystalizace a ta´n´ı i fa´zove´ separace.
Kl´ıcˇova´ slova: bina´rn´ı smeˇsi voda/ethanol, nuklea´rn´ı magneticka´ rezonance, diferencˇn´ı
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Abstract: In the diploma work we studied mixtures of water, ethanol and poly(vinyl
methyl ether) (PVME) by the methods of Nuclear Magnetic Resonance (NMR) and Dif-
ferential Scanning Calorimetry (DSC). NMR studies of water/ethanol binary mixtures
between 10 – 90 vol.% of ethanol for wide temperature range comprised chemical shifts,
relaxation times, translation diffusion coeficients, Nuclear Overhauser Effect of ethanol
spectra and calculation of hydrodynamical radii. Most of the results show extremal
values around 50 vol.% of ethanol. DSC provides measurements of pure PVME, water
and ethanol, then binary water/ethanol mixtures and PVME/water/ethanol mixtures
in the whole ethanol concentration region and low PVME concentrations. The high
concentratios of the PVME/water mixtures were prepared and measured. We obtain
detailed description of PVME/water/ethanol mixtures – glass transition temperature,
crystallization, melting and phase separation temperature.
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Chapter 1
Introduction
The solutions of the alcohols and water have been studied for a long time by var-
ious methods. They are very common solutions, especially water/ethanol. They are
well-known diluents during the chemical and biological processes, used widely in food-
processing industry and the influences on the human body are also studied. Stuctures,
called the clusters, in this easy prepared and simple solutions are used as the models
for more complex ones.
Water/ethanol solutions have anomal behavior in comparison with the pure compo-
nents. Certain physical properties dependent on a volume concentration has an extreme
around 40–50 vol.%, for example viscosity. Experimental and theoretical studies have
shown that the short-live clusters connected throught the hydrogen–bonds (H–bonds)
of the hydroxyle groups are responsible for this.
During the last years swollen polymer networks (also called inteligent gels or hy-
drogels) like poly(vinyl methyl ether) (PVME), polyacrylamide (PAAm), poly (N –
isopropylmethacrylamide) (PIPMAm), many others and also their co-polymers are
widely investigated because of the sudden change of various physical parameters. The
change can be induced by pH, temperature or solvent concentration variations. Tempe-
rature-induced volume change of crosslinked hydrogels has analogy in the phase sepa-
ration of linear polymers in solution during so–called low critical solution temperature
(LCST).
We have studied water/ethanol and water/ethanol/PVME mixtures using NMR
specroscopy in a wide range of compositions and temperatures. Together with hydrogen
and carbon spectra, relaxation behaviour was investigated as well with regard to cluster
formation. Differential Scanning Calorimetry was applied to characterize thermal tran-
sitions (melting, glass transition, phase separation) in the system. The water-ethanol,
polymer-polymer and polymer-solvent interactions are decribed in this thesis.
Diploma thesis is divided into nine chapters. The first chapter is an introduction,
second one mentions overviews of binary mixtures water/ethanol and their polymer
solutions. Goals of the thesis are summarized in the chapter 3. Chapters 4 to 6 are de-
voted to Nuclear Magnetic Resonance (NMR): theoretical introduction to this method,
measurements of water/ethanol mixtures with and without polymer. In chapters 7 to
9 Differential Scanning Calorimetry (DSC) brief theoretical introduction and the mea-
surments of the water/ethanol/polymer mixtures are presented. Chapter 10 shows con-
clusions.
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Chapter 2
Overview
2.1 Ethanol
Ethanol (ethyl alcohol) is the most well-known and the most widespread representative
of the alcohols.
Ethanol is a colorless liquid at the room temperature very good mixable in the
water. Next properties are mostly taken from [1].
• molecular formula C2H5OH
• structure formula CH3CH2OH
Figure 2.1: Structure formula of ethanol (taken from [2] and [3])
• molar mass M = 46, 07 g mol−1
• melting point Tm = 155, 9K (−117, 3
◦C)
• boiling point Tb = 351, 6K (78, 4
◦C)
• flash point Tf = 286, 2K (13
◦C)
• acid dissociation constant pKa = 15, 9
9
• density, viscosity at the 25◦C are displayed in the table 2.1, temperature depen-
dence of viscosities η(T ) is shown in the table 2.2 – this data were taken from
[4] and extrapolated to the temperatures T under 0◦C by exponential Arrhenius
equation for molecular kinetics:
η(T ) = η0e
E
RT , (2.1)
where E is activation energy and R is Universal Gas constant.
wt.% vol.% ρ [g dm3] η [10−4Pa · s]
0 0 997,08 8,94
10 12,32 980,43 13,23
20 24,03 966,39 18,15
30 35,15 950,67 21,80
40 45,75 931,48 23,50
50 55,85 909,85 24,00
60 65,49 886,99 22,40
70 74,69 863,40 20,37
80 83,5 839,11 17,48
90 91,93 813,62 14,24
100 100 785,06 10,96
Table 2.1: Ethanol viscosity and density at the 25◦C for various water/ethanol concentrations.
Taken from [5] a [6].
viscosity η [10−3Pa s]
wt.% 0 8,07 16,5 25,31 34,51 44,15 54,25 64,85 75,97 87,68 100
vol.% 0 10 20 30 40 50 60 70 80 90 100
te
m
p
e
ra
tu
re
[K
]
213 13,18 34,45 89,21 154,20 164,51 124,15 89,51 60,99 35,66 17,62 5,99
223 9,29 22,62 53,59 89,41 96,49 76,06 56,82 40,15 24,60 12,97 4,88
233 6,58 14,87 32,29 51,94 56,71 46,67 36,15 26,48 17,03 9,57 3,97
243 4,68 9,81 19,54 30,26 33,44 28,72 23,07 17,52 11,83 7,08 3,24
253 3,36 6,52 11,91 17,73 19,82 17,75 14,79 11,65 8,26 5,26 2,65
263 2,43 4,37 7,34 10,49 11,85 11,05 9,56 7,80 5,81 3,93 2,17
273 1,79 2,97 4,60 6,30 7,18 6,97 6,24 5,28 4,13 2,96 1,78
283 1,34 2,07 2,96 3,88 4,45 4,47 4,14 3,63 2,97 2,25 1,46
293 1,02 1,48 1,97 2,48 2,85 2,94 2,82 2,55 2,18 1,73 1,21
300 0,86 1,20 1,53 1,87 2,14 2,25 2,19 2,02 1,77 1,45 1,06
313 0,65 0,85 1,03 1,21 1,36 1,45 1,44 1,38 1,26 1,07 0,84
323 0,54 0,69 0,82 0,94 1,04 1,10 1,11 1,07 1,00 0,87 0,70
333 0,47 0,59 0,69 0,78 0,85 0,89 0,89 0,88 0,82 0,72 0,59
Table 2.2: Temperature dependence of viscosity η for various water/ethanol concentrations.
Taken from [4].
We can see linear behaviour of density, but maximum in viscosity values. Ethanol is
very flammable (above the 50wt.% in the water solutions) and is also used as a biofuel
or a addition to the petrol or oil. But familiar use is in the food industry in the alcoholic
drinks.
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2.2 Clusters
Every substance which includes hydroxyl group OH can form clusters. They are struc-
tures binding together by weak H-bond force, or better weak force between hydrogen
and more electronegative oxygen. Groups and forming dramatically change the proper-
ties – very good example is water. Even though the lifetime is very short, they can form
dimers or longer structures according to the ambient and also the number of H and O
atoms. To investigate this structures the NMR methods are not only used but also DSC,
FTIR (Fourier Transform Infrared), Mass spectroscopy and the data are compared to
the theoretic simulation models.
2.3 Water/ethanol mixtures
Water/ethanol mixtures are well described systems. There are many experimental and
also theoretical works about this theme.
First attempts to describe cluster structures by tetrahedral–shaped H–bonds were pro-
vided by Eisenberg, Kauzmann in [7] and Ne´methy in [8]. Extension of the theory for
more solutions with the hydroxyl group is in [9] with a result that monohydric alcohols
can form only linear or cyclic structures.
A little revolution for discribing water/ethanol mixtures was discovery of the NMR
spectroscopy by Isidor Rabi in 1938 [10]. From this time we are able to measure di-
rectely the time of life of the hydrogen bonds, the exchange of the hydroxyl groups
between the water and ethanol or between the two molecules of the ethanol [11] and
also the structure in general [12].
In this work they describe dependences of temperature, composition and working fren-
vency of the magnet. Even a small amount of ethanol produce clusters. Under 8wt.%
helps ethanol to promote H–bonding, above is disrupting the structures and starts to
construct its own chains. Above 75wt.% water is incorporated into the ethanol struc-
tures. All that properties were determined by OH chemical shifts. For the very low and
high concentrations, it was also proofed the abiabatic two-side exchange model.
Mass spectroscopy often uses adiabatic expansion under the vacuum to investigate
the clusters as we can see in [13]. Theirs results show water shell around ethanol struc-
tures under 4wt.%, around 8wt.% the growth of ethanol clusters is almost saturated,
but the strongest polymer (chain) signals were at 42wt.% at 35 ◦C. Over 50wt.% the
polymer signals become weaker.
Fast Fourier Transform Infrared spectroscopy measurments [14] of the ethanol di-
luted in hexane show two basic OH stretch peaks in the absorbtion spectra at 3650 cm−1,
which are not moving with the increasing temperature and from 3250 to 3350 cm−1
which move upwards with the temperature from 198K to 298K.
Almost in each of the articles mentioned above there is used some kind of simulation
tests to try to explain and describe the cluster behavior – [15], [16].
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2.4 PVME/water/ethanol mixtures
It is very interesting to see, what is happening, when we add some polymer to the
water/ethanol mixtures. The specific polymer properties influence the physical and
chemical behavior and also the rigidity and quantity of clusters.
Properties of poly(vinyl methyl ether) are mostly investigated because of hydrogelity,
that means chains are able to contain huge amount of water. Globule – coil transition
in diluted solutions and other characterization for the higher concentrations are studied
as well.
PVME is well soluble polymer which can be phase separated. It has the Lower
Critical Solution Temperature (LCST) 309K (34◦C). Shape of the molecule and other
properties of the PVME are determined by the strength of hydrogen bonds (H-bonds)
in a competition of hydrophobic interaction caused by etheric oxygen and majority
methyl group of the side chain, respectively. Structures in the PVME/water solutions
are breaking with temperature and above 309K and the hydrophobic interaction dom-
inate.
As for the water/ethanol mixtures, there are many ways, how to investigate PVME.
Most of the works are studying phase separations.
NMR studies of temperature induced phase separation in PVME/D2O solutions
were done by Hanykova´ [17] and Speˇva´cˇek [18]. They proofed and described phase
separation for PVME with various net densities and identified that 85% of linear PVME
is after the phase separation in the globule state, for PVME gel almost 100%.
Horne [19] did turbidity measurements to determine the cloud point temperature of
PVME in whole ethanol concetration region. The globule state produces visual inho-
mogenity which are then investigated by light scattering. The main results were that
low-molecular alcohols stabilise created structures and this leads to shift phase separa-
tion temperature to the higher values.
DSC is very powerful instrument to investigate thermal characteristics. Maeda [20]
and [21] gave description by DSC, NIR and viscosimetry measurements of linear PVME
from 5 to 80wt.% in the temperature range -150 to 43◦C. Goals were to decribe melting
point, viscosity changes or amount of water molecules connected to the monomer unit.
In the low concentrations water behaves as so called plasticizer and helps conglomerate
to move. There were again described extremal values around 45wt.% of PVME for
viscosity and structure forming and also crystalization point is shifting to the lower
values. In high concentrations whole amount of water is incorporated into the PVME
chains and has no crystalization or melting peak.
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Chapter 3
Goals of the thesis
In the current thesis we are going to investigate water/ethanol mixtures and their ap-
plications to solutions with poly(vinyl methyl ether) and water or water/ethanol by the
methods of High Resolution Nuclear Magnetic Resonance and Differential Scanning
Calorimetry.
The main goals are:
• Measuring NMR 1H and 13C spectra of water/ethanol mixtures. 1H T2, diffusion,
13C T1, T2 and NOE experiments.
• Processing the data from NMR measurements and application to cluster struc-
tures formation.
• Comparing the rotation correlation times from diffusion coeficients and relaxation
times.
• Apprising of DSC measure technic and processing the water/ethanol mixtures
measurements by the DSC.
• Measuring and comparing DSC results for solutions with and without PVME.
• Investigating PVME/water properties by the DSC.
13
Chapter 4
Theoretical part I – NMR
This chapter has been constructed with help of the following books, texts and articles:
[22 – 27] and the diffusion part with the help of [28], [29], [31], [32].
4.1 Spin motion
Particle in the stationary magnetic field can be described by the nonzero magnetic
momentum µˆ1 and nonzero spin Iˆ2 with the relation:
µˆ = γh¯Iˆ, (4.1)
where γ is gyromagnetic ratio, which is specific for each nucleus (γ1H = 2, 68·10
8T−1s−1
for hydrogen and γ13C = 0, 67 · 10
8T−1s−1 for carbon 13C [3]), h¯ = h/2pi is Dirac
or reduced Planc constant. In the classical physics, magnetic momentum can have
continuous spectrum, not only discrete, and the equation 4.1 is without h¯.
Atom with the spin z-component Iz = 1/2 in the stationary field B0 (in Cartesian
coordinate system B0‖z) has two energetic levels described by the quantum number
mI = +1/2 and mI = −1/2. This levels of the Zeeman doublet correspond to the
possible orientations of the vector µ to the external field B0. First case agree with the
situation, when its magnetic moment is parallel to the permanent magnetic field and
this is the state with the highest energy for atoms with γ < 0 or antiparallel in the
second case – highest energy state for γ > 0 atoms.
Energy gap ∆E between each level is determined by the equation:
∆E = h¯γB0, (4.2)
where B0 is absolute value of the permanent magnetic field B0. The equation shows the
gap between eigenvalues of the hamiltonian of the free particle in the magnetic field:
Hˆ = −µˆ ·B0, (4.3)
which we can modify by the equation 4.1 and replace B0 = (0, 0, B0):
H = −µzB0 = −γh¯IzB0, (4.4)
1This quantum mechnics operator is comparable with µ in classical physics.
2Comparable with I in classical physics.
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where Iz is the z–component of the spin.
Before we turn on the magnetic field, spins are in the equilibrium, after turning the
field on, spins precess with so-called Larmor frequency around z axis:
ω0 = −γB0. (4.5)
This equation above results from the evolution operator obtained from Schro¨dinger
equation with hamiltonian 4.4:
Uˆ (t0, t) = e
iγB0Iz(t− t0)
h¯ . (4.6)
4.2 Effects of pulses
Macroscopic magnetization M is a sum of spin vectors in some volume and without
any magnetic field generally M = 0; statisticaly sum of each cartesian component of
all the spins is 0.
When there is a magnetic field B0 6= 0, spins which can be only on the permitted
energy levels prefer high energy state according to the Boltzmann statistics:
Nβ
Nα
= e
−
∆E
kBT , (4.7)
where Nα and Nβ are populations on the basic and excitated level, respectively, kB is
Boltzmann constant, ∆E is determined by equation 4.2, T absolute temperature.
This change induces spin vectors to change the position and we can detect nonzero
magnetization M 6= 0, see figure 4.1 a).
The fundamental part of the NMR spectroscopy is the application of the radiofre-
quency (rf) pulse on the same frequency as the Larmor frequency of investigated nucleus.
Rf pulse intenzity is very small in comparision with permanent magnetization BRf ≪ B0
and we can use quantum mechanics perturbation theory to solve this problem. Pulses
are described by its length which influences the tip angle of the magnetization along the
z axis and by phase, which designates the direction of turning – we choose the direction
of the rf pulse (Brf), which is often the x or y axis (see on the figure 4.1 b) where the
tip angle is pi/2).
Bloch equations describe the time dependence of components Mx, My, Mz of the
magnetization M , when the rf pulse is on the axis x or y. Vector B in the equation
means B = B0 +Brf = (Brfx , Brfy , B0):
dMx(t)
dt
= γ (M(t)×B(t))x −
Mx(t)
T2
,
dMy(t)
dt
= γ (M(t)×B(t))y −
My(t)
T2
, (4.8)
dMz(t)
dt
= γ (M(t)×B(t))z −
Mz(t)−M0
T1
,
15
Figure 4.1: Orientation of magnetization M : a) magnetization is parallel to the magnetic
induction M‖B0 – equilibrium; b) magnetization after application the rf puls Brf from z
axis to x axis; c) final situation – magnetization precession around B0.
where T1 and T2 are longitudial and transverse relaxation times, respectively.
Because all the vectors rotate in the plane xy around the z axis with the same Larmor
frequence γB0, it is very usefull to describe the motion in the rotating coordinates.
Then we can investigate the components which are in phase – Lorentz absorbtion curve
and an antiphase – Lorentz dispersion curve.
When the additive rf pulse (additive magnetic field) ends, magnetization still rotates
around the z axis with frequency ω0 in the laboratory coordinates (see on the figure 4.1
c) ). As we can see, there are two basic components of the vector M . Mz is maximal
before the rf pulse, then minimal and when the pulse ends relax to the maximum M0
again.Mxy in the xy plane is zero at the begining then, maximal and then relax to zero
again. This motion of the magnetization produces oscillating current in the receiver coils
– free induction decay (FID). FID can be displayed in a graph where current intensity
is dependent on a time. We obtain intensity dependence on frequency by the Fourier
Transform on the FID data. This graph is called NMR spectrum and the x axis is in
ppm units.
4.3 Relaxations
Spin interactions in the magnetic field are the reason why spins are returning to their
stacionary states after the application of rf pulse. As results of these interactions energy
is dissipated into the ambient. Interactions produce inhomogenities and fluctuations of
the magnetic field which influence relaxation processes. The processes are typical for
each atom or group of atoms in the molecules and can be investigated and distinguished.
Kinetic description of Mz and Mxy from the end of the section 4.2 can be described by
following rows.
Fluctuations of the magnetic field can be easily explained by the random (incident)
changes of the magnetic field. Then the properties of the magnetic field in the xy plane
are:
• 〈Bx(t)〉 = 0, what is evident for the group of spins, but it is also valid for the one
spin during the long time
• on the other side, root mean deviation 〈B2x(t)〉 6= 0
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If we define the correlation function:
G(τ) = 〈Bx(t)Bx(t+ τ)〉, (4.9)
for τ →∞ gives G(τ)→ 0 and for τ → 0 can be approximated by:
G(τ) = 〈B2x〉e
−
|τ |
τc , (4.10)
where 〈B2x〉 is G(0) and τc correlation time, which determines the fluctuation rate.
Spectral density:
J(ω) = 2〈B2x〉
τc
1 + ω2τ 2c
, (4.11)
is defined as a Fourier Transform of the equation 4.10, then reduced spectral density is:
J (ω) =
τc
1 + ω2τ 2c
. (4.12)
When we can describe investigated molecule as a rigid sphere with isotropic rotation,
the reduced spectral density is:
J (ω) =
2
5
(
τM
1 + ω2τ 2M
)
, (4.13)
where τM is rotational correlation time, it means τc in liquids and depends on the vis-
cosity of the ambient and temperature.
4.4 Longitudial and transverse relaxations
Longitudial spin–lattice relaxation describes time motion ofMz(t) coordinate from non-
equilibrium state after the application of rf pulse, when it is almost zero, to the equilib-
rium state M0. During this process, energy of the spin is dissipating into the ambient,
which can be also called lattice. The solution of the last differential equation 4.8 in the
co–rotating coordinates without the middle part:
dMz(t)
dt
= −
Mz(t)−M0
T1
(4.14)
is
Mz(t) = M0

1− 2e−
t
T1

 , (4.15)
where T1 is spin–lattice or longitudinal relaxation time. Reciprocal value of the T1 gives
longitudinal relaxation rate R1.
Transverse spin–spin interaction describe motion in time in xy plane Mxy(t) from
non-equilibrium state, when is maximal, to the equilibrium state when is zero. This
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process is adiabatic – total energy stays unchanged. The mathematical description
comes also from differential equations 4.8:
M(t) = M0e
−
t
T2 , (4.16)
where T2 is spin–spin or transvere relaxation time. Reciprocal value of the T2 gives longi-
tudinal relaxation rate R2, but in this case there are also important the inhomogenities
of the magnetic field B0 expressed by R
n
2
in the equation:
R∗
2
= R2 +R
n
2
, (4.17)
there R∗
2
means the total longitudinal relaxation rate. We try to put down Rn
2
to zero
by shimming, when we set additive coils to negate inhomogenities of B0.
Spin–spin relaxation broadens the spectral lines width and the half-width ∆ν is defined:
∆ν =
R∗
2
pi
. (4.18)
4.5 Chemical shift
Structure and surrounding of the molecule can change the resonance frequency. If a
neutral atom is inserted into the magnetic field, its electron shell, which creates molec-
ular bonds, changes localy the magnetic field along the bonds at the nucleus position
and therefore influences the Larmor frequency. This chemical shielding induces chemical
shift in the NMR spectrum.
The frequency difference can be described by the shielding constant
↔
σ:
ω = −γ(1−
↔
σ)B0. (4.19)
For the crystalline matter shielding constant is a tensor, but for the liquids, with a
fast isotropic rotation of molecules because of thermal movement, shielding constant is
scalar and it is valid:
σ =
1
3
Tr
↔
σ . (4.20)
σ is always lower than 1 and often bigger than zero. The isolated nuclei have higher
frequencies then the nuclei influenced by electron shielding. Nuclei with higher elec-
tronegativities have almost σ < 0. For the light nuclei shielding is weaker and for the
nuclei with high proton number chemical shielding is stronger.
The chemical shift is a difference between the unshielded and shielded frequency
and can be determined in the frequency units (Hz), but another unit is used:
δ =
ω − ω0
ω0
106, (4.21)
where ω0 is a Larmor frequency of standard. Quantity δ has a unit [ppm] – parts per
million.
Zero value in the spectrum (0 ppm) is set by standard. The standard has to be
temperature and concentration independent, noninteractive and well soluble matter.
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4.6 Direct dipole–dipole interection
Direct dipole–dipole (DD) interection is one of the main reasons, why the magnetic
field is fluctuating in the liquid state. This phenomenon is caused by one spin (nucleus
dipole) at the place of the second nuclus in or out of the molecule. This changes the
local magnetic field. The second spin has the same effect on the first one. The power of
the intereaction also depends on the orientation of the molecule to the magnetic field
B0.
The interaction is described by dipole–dipole constant:
DCC =
µ0h¯γ1γ2
4pi
r−3, (4.22)
where µ0 is the vacuum permeability, γ1 and γ2 are gyromagnetic ratios of the first
and second nuclei and r is the radius between the nuclei. The most common pair of
interacting atoms are 1H and 13C.
DD interaction of the nuclei 13C with 1H ,corresponds to longitudinal and transverse
relaxation time RDD
1
and RDD
2
, respectively:
RDD
1
=
1
4
NHDCC
2[6J (ωH + ωC) + 3J (ωC) + J (ωH − ωC)], (4.23)
RDD
2
=
1
4
NHDCC
2[3J (ωH + ωC) +
3
2
J (ωC) + 3J (ωH) +
+
1
2
J (ωH − ωC) + 2J (0)], (4.24)
where NH is a number of hydrogen atoms bonded to the carbon, expressions J (ω) are
reduced spectral densities, ωH and ωC are Larmor frequencies of
1H and 13C, respec-
tively. RDD
1
and RDD
2
are the main contributions of the R1 and R2, respectively, from
the section 4.4.
4.7 Nuclear Overhauser Effect
Another type of dipole–dipole interaction is Nuclear Overhauser Effect (NOE), the cause
of the cross relaxation between 1H and 13C nuclei. Cross relaxation is an effect, when
energy is transported from one spin to another. During NOE experiment, one nucleus
(1H) is irradiated and increasing of intenzity at the second nucleus (13C) is measured.
Irradiation of the hydrogen atoms and NOE intenzity increasing at the carbon spectrum
is described by the equation:
NOE = 1 +
NHσ
DD
RDD1
(
γH
γC
)
, (4.25)
where σDD is heteronuclear cross rate [30]:
σDD =
1
4
DCC2[6J (ωH + ωC)− J (ωH − ωC)]. (4.26)
The extremal value of 4.26 is:
NOE = 1 +
γH
2γC
∼= 3. (4.27)
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4.8 Other interactions
Indirect DD interaction or J–interaction – the dipole–diple interaction between the spins
through the bond electrons. J–interaction can be mesasured only if spins are bond by
a few chemical bonds.
We can see J–coupling in the spectrum as the splitting of the spectral lines.
Chemical shift anisotopy (CSA) – the electron current induced by the external field
interacts with the nuclei. Very asymetric molecules show this type of the interaction.
Another additive contributions to the R1 and R2 are:
RCSA
1
=
1
3
(γcB0)
2 CSA2effJ(ωC), (4.28)
RCSA
2
=
1
3
(γcB0)
2 CSA2eff
(
2J(0)
3
+
J(ωC)
2
)
, (4.29)
where CSAeff is amplitude of the interaction derived from chemical shift tensor ele-
ments (see chapter 4.5).
Spin–rotation interaction. Spin interact with the magnetic field generated mostly
by the fast rotation of very small molecules.
Electron–quadrupole interaction. There exists a quadrupole effect on the nuclei with
the spin higher than 1
2
.
4.9 Diffusion
Diffusion NMR spectroscopy is very strong method to describe intermolecular inter-
actions, measure diffusion coeficients of multicomponent mixtures, determine shapes,
sizes or weight of the molecules, also investigate ion recombination, structure of labile
systems or virtual filtration of the solutions. There is hard to obtain diffusion coeficients
in the inhomogeneous systems.
Translation diffusion is a random movement or transport of the groups of particles,
molecules or ions. Diffusion is also known as Brownian movement or pedesis, this is a
process when particles of one liquid or matter filter into the particles of the second one.
The mathematical description was invented by Albert Einstein for probability to
find a particle in the isotropic and homogeneous systems. Gaussian distribution mean
value of the displacement is zero, but root mean square 〈X2〉 is nonzero and depends
on the dimension n:
〈X2〉 = 2nDtd. (4.30)
Einstein–Smoluchowski equation connects the diffusion coeficient D with the shape
and the size of the particle through the friction coefficient f :
D =
RT
NAf
=
kT
f
(4.31)
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where R is the Universal Gas constant, NA Avogadro constant, k Boltzmann constant
and T thermodynamic temperature.
If the molecule is spherical with hydrodynamic radius rt in the surrounding with
viscosity η, the friction coeficient is determined by the Stokes equation:
f = 6piηrt (4.32)
and we obtain Stokes–Einstein equation:
D =
kT
6piηrt
. (4.33)
Stokes-Einstein-Debay model describes the relation between the dielectric correla-
tion time τD, viscosity η and volume V for the model of the rigid ball in the continuum:
τD =
3V η
kT
. (4.34)
NMR spectroscopy can provide rotation correlation time τR [33] which is in relation
to τD:
τR =
τD
3
=
4piηr3r
3kT
, (4.35)
what follows from 4.33 if we substitute V by the volume of the sphere with the radius rr.
Then we can compare rt and rr from the equations 4.33 and 4.35, respectively.
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Chapter 5
Experimental part I – NMR
5.1 Equipment description
All NMR experiments were realized on the Bruker Avance 500 spectrometer (the same
type at the figure 5.1), which the Department of Low-Temperature Physics at the
Charles University owns. This type of spectrometer has supraconductive coils which
Figure 5.1: Bruker Avance 500 spectrometer (takem from [34])
create the permanent magnetic field B0. The coils are cooled by liquid helium at 4,22
K and helium is pre–cooled by liquid nitrogen at 77,36 K. Working frequency for 1H
and 13C are 500,132 MHz and 125,765 MHz, respectively. We used TBO probe, which
can provide diffusion gradient measurements and exposure 1H and 13C nuclei.
Temperature was regulated and kept on the set value by temperature unit BVT
3000. Quoted manufacturing stability is 0,1K. Before we started any experiment, we
waited 15 minutes for stabilize the temperature and internal processes in the liquid. We
estimate processing error of the integral intensity at 5%.
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5.2 Sample preparation
We prepared and measured water/ethanol mixtures (see table 5.1). Ethanol used for
preparation the samples was 99,8vol.%, it means very high purity. The double NMR
sample 1 2 3 4 5 6
ethanol [obj.%] 10 30 40 50 60 90
water [obj.%] 90 70 60 50 40 10
Tmax [K] 333 300 333 300 300 333
Tmin [K] 273 263 253 243 243 213
Table 5.1: Volume percent of water and ethanol in the mixtures
tubes were used for measurement; the samples were placed into inner tube and outer
tube contains standard Tetramethyl silane Si(CH3)4 (TMS) for calibration the fre-
quency axis in the spectrum (see in the chapter 4.5) and deuterated chloroform CDCl3
which helps to correct inhomogenities by shimming (see in the chapter 4.4). Tubes were
degassed and sealed under crypton or nitrogen to eliminate paramagnetic oxygen.
Measured temperature range between Tmin and Tmax (see table 5.1) was chosen
according to crystallization of water/ethanol mixtures and the boiling temperature of
chloroform (334,16K), respectively. Three samples were measured only to 300K.
In consideration to the used spectroscopic methods we can see three basic groups
in the NMR 1H spectrum at the room temperature. From the left to the right hydroxyl
–OH singlet group is situated between 4,8 and 5,7 ppm, methylene –CH2– quadruplet
at 3,7 – 4,1 ppm and methyl –CH3 triplet group at 1,2 – 1,6 ppm as shows figure 5.2.
Figure 5.2: 1H spectrum of neat ethanol (takem from [35])
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5.3 Pulse sequences
This chapter introduces basic pulse sequences used in this thesis.
• Inversion Recovery – It is used to measure T1 longitudial relaxation time and
consists of pi (180◦) pulse, which tilts magnetization to the negative direction of
axis z, during the waiting time τ magnetization is relaxing to the equilibrium
value, after τ pi/2 (90◦) is applied. Then the FID is detecting. T1 is evaluated
after n repetitions with different τ time. When we want to investigate 13C nuclei
decoupling on 1H is needed. Decoupling negate the J–coupling between H and C
nuclei. Sequence is depicted on the figure 5.3 for 13C. For 1H nuclei the sequence
is the same as for the 13C on the figure but without any decoupling.
Figure 5.3: Inversion Recovery for 13C nuclei
• Spin Echo – This method provides transverse relaxation time T2. Sequence
evokes Inversion Recovery but pi/2 pulse and pi pulse are interchanged (see figure
5.4). pi/2 pulse tilts spins to the xy plane. During the time τ magnetization Mxy
is weaker, because the particular spins start to desynchronize. The pi pulse reverse
the spins, the fastest one are now the last one and after another time τ the echo
originates. We examine then the FID of the echo.
Figure 5.4: Spin Echo for 1H nuclei
• CPMG – Carr–Purcell–Meiboom–Gill [36] improved the Spin Echo sequence.
Different number of repetitions n instead of different duration of τ determines
relaxation time T2. Figure 5.5 shows sequence for
1H nuclei and figure 5.6 for 13C
nuclei.
• NOE – Measuring of the heteronuclear NOE is based on comparison of intensities
of 13C bands with and without 1H nuclei irradiation (see figure 5.7). 1H nuclei
are always decoupled after pulses.
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Figure 5.5: CPMG sequence for 1H nuclei
Figure 5.6: CPMG sequence for 13C nuclei
• Gradient Echo – Gradien Echo sequence (Stejskal–Tanner type) is transformed
from Spin Echo by adding two gradients along z axis (local controled inhomogen-
ities) (see figure 5.8). Gradient magnetic field has a power G and length δ and
marks the spins according to location to z axis. Intenzity of resulting echo de-
pends on z position influenced by diffusion. ∆ express the time between pulses
insteed of τ in the previous sequences.
There are many corrections of this sequence:
– STE (STimulated Echo) – Magnetization is relaxing faster in the transvere
direction. This sequence saves the information of spin location to direction
of z axis by two pi/2 pulses.
– LED (Longitudinal Eddy current Delay) – To reduce eddy currents two pi/2
pulses at the end of the sequence are added. Eddy currents simply fade if no
the gradient of magnetic field occurs.
Figure 5.7: NOE sequence for 13C nuclei – Spectrum 1 without irradiation of 1H nuclei;
Spectrum 2 with irradiation
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Figure 5.8: Gradient Echo sequence
– BPP–LED (Bipolar pulse-LED) – Division of the gradient pulse in two
parts also negates eddy currents.
– BPP–DSTE (Double-stimulated-echo experiment with bipolar gradient pulses)
– More complexed sequence used in NMR experiments (see figure 5.9).
Figure 5.9: BPP–DSTE sequence, where nr. 1, 3, 4, 6, 7, 9, 10 are pi/2 pulses and 2, 5, 8 pi
pulses, τ1, τ2 and T times between gradients or pulses, taken from [37]
Gradient of the magnetic field, which marked the molecule in the sample, then
specifies the diffusion coefficient D. Intensity I is a function of the power of the
gradient G:
I(G) = I0e
−G2Dγ2δ2(∆− δ/3), (5.1)
where δ and ∆ are (see the figure 5.8) lenght of the gradient and time between
pulses, respectively. I0 is the maximum of the initiative gradient power. We also
call ∆− δ/3 the diffucion time.
Fitting has been done in Origin 7.
5.4 Configuration of the experiments
Program Topspin 1.3 supplied with the Bruker Avance 500 spectrometer operates the
spectrometer and also processes the data from the experiments. For the T2
1H and
diffusion experiments, T1 and T2
13C and NOE we multiplied data by exponential func-
tion to suppress the noise, although this widens the spectral lines. Then by the Fourier
transform processing we got pseudo 2D spectrum, which is a serie of 1D spectra. After
that we manually phased the spectra and put 0 ppm on the TMS signal.
Measuring of 1H NMR spectrum
• spectrum range: 5,0 kHz
• time domain size: 16380
• number of scans: 1
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• acquisition time: 1,63815 s
• time between two scan (D1): 10 s
• length of pi/2 pulse: 13,9µs
Measuring of T2
1H NMR experiment
• sequence: CPMG
• spectrum range: 16,4 kHz (10 ppm)
• time domain size: 16384
• number of scans: 4
• acquisition time: 1,6385 s
• time between two scan (D1): 60 s
• length of pi/2 pulse: 13,7 – 14,3µs1
• time τ (D20): 0,005 s
Measuring of diffusion 1H NMR experiment
• sequence: Double Stimulated Echo with Bipolar Gradient Pulses
• spectrum range: 16,4 kHz (10 ppm)
• time domain size: 16384
• number of scans: 4
• acquisition time: 3,2769 s
• time between two scan (D1): 60 s
• length of pi/2 pulse: 13,7 – 14,3µs
• time δ: 2ms
• time ∆: 0,1 s
Measuring of 13C NMR spectrum
• spectrum range: 12,53 kHz (100ppm)
• time domain size: 32768
• number of scans: 4
1pulses depend on temperature and water/ethanol concentration – lower tempreatures or concen-
tration implicate shorter pi/2 pulse
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• acquisition time: 1,30749 s
• time between two scan (D1): 10 s
• length of pi/2 pulse: 9,3µs
• half of the echo time (D20): 0,5ms
• protons 1H decoupled by waltz-16 sequence
Measuring of T1
13C NMR experiment
• sequence: T1 Inversion Recovery
• spectrum range: 12,53 kHz (100ppm)
• time domain size: 32768
• number of scans: 4
• dummy scans: 4
• acquisition time: 2,61497 s
• time between two scan (D1): 80 s
• length of pi/2 pulse: 9,1 – 10,0µs2
• half of the echo time (D20): 0,5ms
• protons 1H decoupled by waltz-16 sequence
• time τ (from vd list):
0,00001 0,001 0,01 0,5 1 2,56 5 8 12 15 30 50
Table 5.2: time τ in [s]
Measuring of T2
13C NMR experiment
• sequence: CPMG
• spectrum range: 12,53 kHz (100ppm)
• time domain size: 32768
• number of scans: 4
• acquisition time: 2,61498 s
• time between two scan (D1): 80 s
2pulses depend on temperature and water/ethanol concentration – lower tempreatures or concen-
tration implicate shorter pi/2 pulse
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• length of pi/2 pulse: 9,1 – 10,0µs
• half of the echo time (D20): 0,5ms
• protons 1H decoupled by waltz-16 sequence
Measuring of NOE 13C NMR experiment
• sequence: NOE
• spectrum range: 12,53 kHz (100ppm)
• time domain size: 32768
• number of scans: 2
• acquisition time: 5,31158 s
• time between two scan (D1): 80 s
• length of pi/2 pulse: 9,1 – 10,0µs
• protons 1H decoupled by waltz-16 sequence
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Chapter 6
Results and discussion I – NMR
6.1 1H spectra
Hydrogen or proton spectra of water ethanol mixtures has three basic peaks (see figure
6.1) – from the right side there is triplet of methyl group (at 1,28 ppm), quadruplet of
methylen (at 3,73 ppm) and singlet of hydroxyl groups (at 5,25 ppm), that means water
and ethanol protons have the same chemical shift and the OH peak is collective. At
0 ppm there is very low signal of TMS standard.
1.30 ppm
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm
3.80 ppm 0.00 ppm5.3 ppm
Figure 6.1: 1H spectrum of 10 vol.% ethanol in water at 273K
There can be also two hydroxyl peaks, if the chemical exchange is slow (see figure
6.2). Ethanol OH peak is at 5,85 ppm and water OH peak at 5,08 ppm. From the theory
we know, each proton adds the same integral signal to the peaks in the spectrum.
For the ethanol molecule H3C − Ch2 − OH we deduce the proportion of the integral
intensity:
IOH : ICH2 : ICH3 = 1 : 2 : 3. (6.1)
For the samples, where the OH peaks are separated the equation 6.1 is valid with 5%
error only for left OH singlet peak. That always corresponds to the molar concentration
– peak on the left (higher frequency) is less intensive with lower ethanol concentration.
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We classified peak according to that rule – left one is ethanol peak, right one is water
peak.
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
1.64 ppmppm 4.10 ppmppm
Figure 6.2: 1H spectrum of 90 vol.% ethanol in water at 293K
Temperature dependence of 1H spectra is shown at the figure 6.3. From the bottom
line up we can see spectral evolution of the sample with 90 vol.% of ethanol in water with
increasing temperature. The chemical exchange is faster with increasing temperature,
what is obvious, and the OH peaks are not separated till 333K.
−17 6 5 4 3 2 1 0 ppm
−17 6 5 4 3 2 1 0 ppm
−17 6 5 4 3 2 1 0 ppm
−17 6 5 4 3 2 1 0 ppm
Figure 6.3: Temperature dependence of 1H spectra of 90 vol.% ethanol in water at 223, 253,
273, 333K (from the bottom up)
Concentration dependence is depicted on the figure 6.4. At 273K we see the chemical
exchange is slow enough to separate the OH peaks for ethanol and water hydroxyl groups
only for the 90 vol.% of ethanol in water. Decreasing ethanol concentration causes faster
chemical exchange which is manifested by coalescence into one common band.
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−17 6 5 4 3 2 1 0 ppm
−17 6 5 4 3 2 1 0 ppm
−17 6 5 4 3 2 1 0 ppm
Figure 6.4: Concentration dependence of 1H spectra of 90, 40, 10 vol.% ethanol in water at
273K (from the bottom up)
6.2 Chemical shift
As was discussed above, OH peaks can be united or splitted according to the speed of
chemical exchnage, which is dependent on temperature and concentration. Temperature
dependence of chemical shifts with error ±0, 03 ppm through the whole concetration
region are depicted on the figure 6.5.
The correct calibration of NMR spectra of ethanol solutions has been still dis-
cussing. Mizuno [38] used TMS as an external standard calibrating it to 0 ppm. Using
this method we plotted temperature dependence of CH2 and CH3 groups (see figure
6.5a) and b) ). These results show, while the chemical shifts of OH peaks are relatively
constant, CH2, CH3 groups are shifted to lower frequencies with increasing temper-
ature. That means the surrounding of these groups changes or the OH groups have
similar chemical shift dependence as TMS. Knowing that OH groups shift would be
very sensitive to temperature as they reflect strength of hydrogen bonding and TMS
shift would be sensitive to the magnetic susceptibility of the bulk mixture, we used
second method and calibrated chemical shifts using CH3 groups of ethanol as constant
reference [12], [27]. Chemical shift through the whole temperature region was set on
1,164 ppm [41].
CH3 is constant, so there is no graph at the figure 6.5. CH2 chemical shift is constant
with 5% error and OH group is decreasing with increasing temperature (see figure
6.5c) and d) ). The water OH peak has the chemical shift between 5,45 ppm (low
temperatures) and 4,2 ppm (high temperatures) and the ethanol peak between 6,1 ppm
(low temperetures), 5 ppm (ambient temperature) up to 5,5 ppm. This dependence is
almost linear. Ethanol and water clusters have various form and size in dependence on
temperature and concentration [12], [13], [38]. Shifts of OH peak to lower frequencies
with increasing temperature evidences that hydrogen bonding between OH groups in
clusters become longer and weaker, i. e. the clusters become simplier and their size is
decreasing.
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Figure 6.5: Temperature dependence of the chemical shift: a) CH2 group; b) CH3 group with
TMS calibration; c) rescaled OH group; d) rescaled CH2 group with CH3 calibration
From the figure 6.5c) we chose OH peaks and made a difference between ethanol
and water OH chemical shift. The results are depicted on the figure 6.6. Except of the
solutions with 90 vol.% of ethanol, the chemical shift difference is practically constant
according to the error and independent on ethanol concentration. We would interprete
this result as following: in the represented temperature range, hydrogen bonding in
ethanol and water clusters are weakened similarly and breaking of these supramolec-
ular structures proceeds by the same way. For the highest ethanol concentration, the
influence of ethanol stuctures is more important.
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Figure 6.6: Temperature dependence of OH peak differences
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6.3 1H relaxation times T2
Relaxation times reflect the dynamics of the investigated groups. Faster groups have
shorter relaxation times T2 and higher relaxation rates (chapter 4.4). We estimate error
±3 %. Proton relaxation times T2 for the CH2 and CH3 groups increase with the
temperature for all measured ethanol concentrations (see figure 6.7a), b) ), what is
obvious from thermodynamics for the majority of the matters or liquids.
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Figure 6.7: Temperature dependence of 1H T2 relaxation times: a) CH3 group; b) CH2 group;
c) OH group
Chemical exchange influences the OH relaxation time [12]. Compared with CH3 or
CH2, OH T2 are low order values at the room temperature (see figure 6.7c) ). At the
low temperatures, relaxation times for all the groups are comparable – around 200ms.
Low values of the relaxation time induces influence of the chemical exchange. That is
also the reason why T2 dependence of the OH groups has not monotonic behavior, but
has a maximum.
In [40] the same behavior is described for water/methanol mixtures; maximum was
found around 244K. In our measurements, the maximum range was from 250K to
270K. Maximum in temperature dependence of OH relaxation times T2 is a conse-
quence of two contradictions: molecular motion slows down relaxations whereas chem-
ical exchange decreases value of relaxation time T2.
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6.4 Diffusion
The chapter 5.4 describes detailed processing how to get diffusion coeficients. We inves-
tigated ethanol molecules, which of course need to have the same diffusion coeficients
for all the group, however diffusion of OH group includes contributions of ethanol and
also water. If the chemical exchange is fast, we see collective peak and have collective
diffusion coeficient. We estimate error ±3 %.
On the figure 6.8 we see grafical results of temperature dependence of the diffusion
coeficients. Diffusion coefficients are very low for the samples near the freezing temper-
ature – only order of 10−11 m2s−1. They are increasing with temperature for all groups
of ethanol as well as water to order of 10−9 m2s−1. That corresponds to the physical
description of increasing of internal energy in the samples and decreasing of the viscos-
ity η as shown in equation 4.33. Values at 300K for 10 vol.% and 90 vol.% of ethanol
are below the values of pure water and ethanol, respectively.
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Figure 6.8: Temperature dependence of diffusion coeficients: a) CH3 group; b) CH2 group;
c) OH group
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On the figure 6.9 concentration dependence of diffusion coeficients is depicted for
two temperatures; 263K and 300K. There is a minimum on the both figures, the same
dependence exists for all concentrations. That corresponds to the viscosity maximum
for concentration range at one temperature (see table 2.1) as follows from the equation
4.33 where D ∝ 1/η. For 300K the chemical exchange is fast for the majority of
concentrations except 90 vol.% of ethanol and we can see only one peak. But there is
minimum for diffusion coeficients for two peak and even for one.
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Figure 6.9: Concentration dependence of diffusion coeficients: a) 263K; b) 300K
6.5 13C spectrum
13C spectrum of water/ethanol mixtures is simple. There are only two peaks of carbon
nuclei in the ethanol molecule (see figure 6.10 at 283K); the CH3 group around 16,5 ppm
and the CH2 group around 57 ppm. CH2 group has higher chemical shift, because the
hydroxyl OH group is presented. Integral intensities of the peaks are the same and
there is no temperature or concentration shift of this peaks.
60 55 50 45 40 35 30 25 20 15 10 5 0 ppm
Figure 6.10: 13C spectum of 30 vol.% ethanol in water at 283K
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6.6 13C relaxation times T1 and T2
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Figure 6.11: Temperature dependence of 13C T1 relaxation times: a) CH3 group; b) CH2
group
Signals were processed by the equation 4.15 and we obtained carbon relaxation times
T1. We estimate error ±3 % for T1 and ±5 % for T2. Temperature dependence shows
increasing tendency with temperature from 0,6 s to 16 s for CH3 and 22 s for CH2 group.
T1 for CH2 groups are higher then for CH3. There is a minimum of T1 relaxation time
in concentration dependence around 50 – 60 vol.%.
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Figure 6.12: Temperature dependence of 13C T2 relaxation times: a) CH3 group; b) CH2
group
T2 relaxation time was processed by the equation 4.16. We see again increasing
dependence on temperature from 0,5 s to 16 s for CH3 and from 0,7 s to 9 s for CH2
group. There is also a minimum in concentration dependence around 50 – 60 vol.%.
On the figure 6.13 we see temperature dependence of T2/T1 fraction. For low tem-
peratures, T2 is equal to T1 relaxation time (T2/T1 ≈ 1) as it corresponds to isotropic
motion of molecules in liquids. At temperatures above 300K, the ratio T2/T1 is signif-
icantly decreasing to 0,4 as the relaxation time T2 is strongly influenced by chemical
exchange for all ethanol concentrations. Beside merging of OH peaks it is other mani-
festation of exchange phenomenon.
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Figure 6.13: Temperature dependence of T2/T1 relaxation times fraction: a) CH3 group; b)
CH2 group
6.7 NOE
NOE results shows increasing values for majority of the samples from 2,6 to the values
of 2,9 for CH3 groups and from 2,2 again to the values around 2,8 for CH2 groups.
Behavior of 10 vol.% sample is very unusual with minimum at 293K. Fluctuations of
NOE values can be causedby external sensitivity of NOE method an experimental setup
and temperature (we estimate the error ±7%).
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Figure 6.14: Temperature dependence of NOE: a) CH3 group; b) CH2 group
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6.8 Hydrodynamic radii
To investigate the size of clusters we approximated clusters to rigid sphere and the size
to its radius. There are too different approaches. We can get the hydrodynamic radiii
from rotation correlation times or from the measurments of translation diffusion.
The first approach uses the equation 4.34 and 4.35. We counted rotation correlation
times τR from the
13C T1 relaxation times (see figure 6.15), because they can be less
influenced by the chemical exchange.
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Figure 6.15: Temperature dependence of rotation correlation times τR: a) CH3 group; b)
CH2 group
Radii rr were obtained by the equation 4.35 if we know viscosities (see table 2.2)
and rotation correlation times. Final error is ±5 %.
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Figure 6.16: Temperature dependence of radii rr: a) CH3 group; b) CH2 group
Radii rt we can get by the equation 4.33 when viscosities and diffusion coefficients
(see section 6.4) are known. Final error is ±4 %.
As we can see, rr has very slight increasing dependence from 0,9 to 1,25 A˚ (see figure
6.16) and on the other hand rt strong decresing dependence with temperature from 4 to
1,5 A˚ (see figure 6.17). There are almost none differences between CH3 and CH2 groups
for radius rt, on the other side rr CH2 groups have undistinguished minimum at 293K.
We can not compare this radii, but the order is right – units of A˚. If we consider the
average bond in the molecule has approximately 1 A˚ and we have two bonds, which are
nearly linear, we should obtain 1 A˚ radius for the rigid sphere. That fact is in comparison
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Figure 6.17: Temperature dependence of radii rt: a) CH3 group; b) CH2 group
with the results of rr and rt realized. At the lower temperatures clusters contain more
ethanol molecules and with increasing temperature H-bonds are weaker and clusters
smaller, as was discussed above, so better description of this reality has temperature
dependence of radii rt derived from diffusion coeficients. For higher temperatures the
saturated radius is 1,5 A˚, what could induce value for one alone ethanol molecule in
the cluster. Correlation times τR and radii rr reflect rather local motion and thus cor-
responding values are not influenced by cluster sizes.
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Chapter 7
Theoretical part II – DSC
7.1 DSC
Differential scanning calorimetry (DSC) is a thermoanalytical technique, which can
determine phase transition, such as melting, glass transition and phase separation in
polymer solutions. In this technique, the difference in the amount of heat required to
increase the temperature of a sample and reference are measured.
The common equipmnet we can see at the figure 7.1.
Figure 7.1: DSC Mettler Toledo in the laboratory in CB at the Universidad Polyte´cnica de
Valencia
7.2 Gases
• The environmental gas is the gas we want to form the environment for our ex-
periment. Depending on whether we want our sample to be influenced by the
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environment or not, it can be inert or oxidizing.
• Temperature control gas is taken from the bottle with liquid nitrogen.
• Purge gas is a gas to protect the equipment itself, which could be infected by the
environmental gas or impurities.
7.3 Sensors
The hearts of the DSC equipments are very sensitive temperature sensors, which can
give us the proper information about the temperature diferences and controle the ther-
mal method we want to apply. For example there are 120 thermocouples on the sensor
HSS7 in the Mettler Toledo DSC 823e, as we can see at the figure 7.2 which are evaluated
(averaged) by the inner program.
Figure 7.2: Sensor HSS7 in the Mettler Toledo DSC 823e
7.4 Sample preparation
The sample is put into the small aluminium pan (max. 40 ml) with a cover making a
capsule around the sample. Aluminium is used because of the good heat conducting
properties and relatively good mechanical properties. It also does not react with the
majority of materials we measure. We also perforate the cover of the capsule to help
the environmental gases to come in and out, and let them influence the sample if we
use oxidizing environment. We let the gases inside the sample (initial gases) to come
out and again to keep the whole sample at the homogeneous temperature because we
obtain heat transfer by convection. We used not performed capsules, because solutions
of water and ethanol can be very easy evaporated.
7.5 Analysis of DSC Measurements
Thermogram
The DSC provides the heat flow into or out of the sample as a function of temperature
with a given heating or cooling rate set up in the method (program). Thermograms are
in a representation Q/T- heat vs. temperature. After that we normalize Q/T thermo-
grams to the J/g dependence of temperature to neutralize the heating flow effect.
42
In the thermograms we can see:
• First order phase transitions
– Crystallization – Most often during the cooling scan. Molecules reorganize to
the crystalline order at a certain temperature. This releases energy. Cooler
works more intensive to keep sample equal to the reference. There can also
be crystallization during the heating process, when molecules reorganize to
another type of crystalline order. This also releases energy. Heater gives less
energy to adjust sample to the reference.
– Melting – Molecules have enough energy to leave the crystalline lattice. En-
ergy is absorbed. Heater must supply more energy to increase energy input
to get temperature equal to the reference.
• Second order phase transitions
Changes in heat capacity with no latent heat
Glass transition in polymer systems, Tg
– Glassy state – chain movement hindered
– Rubbery state – chains with free movement.
– Chains absorb energy to obtain freedom to move.
7.6 Thermogram dependence on heating rates
Figure 7.3 shows how thermograms are changing with the heating rate. For the high
heating rates (a) we see less details, but melting or crystallization peaks are more
pronounced. During the first cooling, there there is no crystallization peak because the
molecules do not have enough time to freeze. 10K/min (b) is enough to measure samples
with sufficient details, but the temperature change is too fast to show crystallization
of the ”free” water in the chains of PVME for both cooling branches similarly as at
the high heating rates. Low heating rates (c) show more detailes but disadvantages are
higher expenditures for gasses.
7.7 Tg dependence on water concentration in PVME
Tg dependence on water concentration in the polymers can be described by the Couchman-
Karasz equation:
Tg =
ω∆cppolTgpol + (1− ω)∆cpwaterTgwater
ω∆cppol + (1− ω)∆cpwater
, (7.1)
where ω is a concentration of the polymer, (1− ω) concentration of water in solution,
∆cppol and ∆cpwaterare heat capacities of the polymer or water, respectively. Tgpol
and Tgwater are values of the glass temperature of the polymer and water, respectively.
For water we used Tgwater =134 K and ∆cpwater = 1.94 J/gK (taken from [22]).
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Figure 7.3: Themograms of 56wt.% PVME at different heating rates: a) 20K/min; b)
10K/min; c) 5K/min (exotermic processes are in the possitive dirrection of y axis)
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Chapter 8
Experimental part II – DSC
8.1 Equipment description
The equipment we have measured on is Mettler Toledo DSC 823e with the Sample
robot TSO801RO in the Centro de Biomateriales e Ingiener´ıa Tisual at the Universi-
dad Polyte´cnica de Valencia. During the measurments we have used nitrogen N2 as a
enviromental, temperature control as well as purge gas. Thermograms where power was
dependent on time have been transformed to the power/temperature dependence in the
program STARe Software 9.01 programed by Mettler Toledo.
Posterior modifications of the data and formating have been provide by the GNU
Octave 3.0 (Matlab code), Origin 7.5 and displayed in Gnuplot 4.2.4-6 nad Octplot
0.4.0-7build1.
8.2 Samples preparation
Samples were prepared into the 40 ml pan without performation. Average weight of
the pan and the cover was 33 mg and 16 mg, respectively. Especially because of the
evaporation of the solutions where the ethanol was presented we measured empty pan
first, then immediately we covered it and obtained the result from the differences. The
average weight of the samples has been between 3mg and 12 mg.
Weighting was processed on the Mettler Toledo AX 202 balance with the error of
0,01 mg. The real error was 0,05 mg, meaning that the sample weight maximal relative
error 1%. Weight of samples are in the table 8.1.
In all graphs and pictures the positive direction of y axis has exotermal orientation.
Neat ethanol in DSC shows only one metling and crystalization peak during heating
and cooling, respectively. But this method is very useful to investigate solutions and
mixtures with some aded polymer. Figure of this process is hard to obtain, because the
DSC spectrometer is not able to freeze neat ethanol with nitrogen gases.
8.3 Preparing of high concentrated PVME
PVME is a very viscose liquid and we could not simply mix it with solvent above the
25wt.% of PVME. PVME dessolving at the room temperature is very slow and the
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ethanol concentration [vol.%]
PVME
concentration 0 10 20 30 40 50 60 75 90 100
[wt.%]
0 4,35 4,44 3,94 4,29 4,19 3,63 3,58 4,27 3,42 6,20
1 4,56 - - - - - 3,95 - - 3,24
5 3,16 4,14 3,95 3,11 3,80 3,20 3,26 3,79 2,84 3,07
10 4,12 4,79 3,80 4,02 4,40 3,59 3,94 3,60 3,77 3,91
15 5,54 - - - - - 5,76 - - 3,06
20 6,12 - - - - - 6,14 - - 2,99
Table 8.1: Weight of the prepared samples [mg]
homogeneous desolving could not be expected. For the high concentrations we used
vapour bath at the room temperature (25 ±2)◦C (298,15 K) which is depicted on the
figure 8.1.
Figure 8.1: Vapour bath: a) water; b) vapour; c) samples
We have put uncovered weighted pan with the polymer into the vapour bath and
waited for the defined period of time. After that we have taken it out, covered and
weighted it again. From the difference between the initial and final weight of the pan
with polymer the amount of invaporated water and the final concentration has been
determined. The table 8.2 shows the weight of water/PVME serie samples.
8.4 Heating programs
There are various heating programs we can use, the most common is on the figure 8.2.
Most of the experiments of the water/ethanol/PVME mixtures had following setup
(see the parameters from the figure 8.2):
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PVME
concentration 56 60 63 70 72 75 79 83
[wt.%]
weight [mg] 5,56 8,65 9,75 8,21 8,33 7,86 6,59 8,57
PVME
concentration 87 90 91 92 94 95 96 100
[wt.%]
weight [mg] 7,97 4,47 6,66 6,60 7,15 5,09 6,89 5,51
Table 8.2: Weight of the samples prepared in the vapour bath
Figure 8.2: Heating program: a) starting temperature; b) minimal temperature; c) maximal
temperature; d) pause
a) 25◦C
b) -100◦C
c) 50◦C
d) 2 min
heating rate 10◦C/min
(slope between a) and
b) or b) and c) )
It means the samples were cooled, heated, cooled and heated and we have got 4
branches from each measurment.
This parameters are set up according to physical properties of the water, ethanol
and PVME which we measured as the pure matters. For the detailed measurments we
put c) to the 80◦C.
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Chapter 9
Results and discussion II – DSC
At all the figures in this chapter, exotermic processes are in the possitive dirrection of
y axis.
9.1 Water/ethanol mixtures
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Figure 9.1: Thermograms for water/ethanol mixtures: a) pure water (0vol.% of ethanol); b)
50vol.% of ethanol; c) 75vol.% of ethanol; d) 100vol.% of ethanol
In the thermograms (figure 9.1) of solutions with various amounts of ethanol we can see
one collective main peak because the water and ethanol are completely mixed. For the
low concentrations (a) we can see one peak during the heating, but for 50 vol.% (b)there
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are 3 peaks- 2 for melting and 1 for crystallization. For the higher concentrations we
can see again simple thermogram with one peak (c). Samples for 90 vol.% and 100 vol.%
can not be measured properly because DSC Mettler is not able to cool correctly under
-140◦C (133,15K).
The crystallization and melting peaks are moving to the lower temperature values
with increasing volume concentration of the ethanol as we can see in the termograms
(figure 9.2) or on the figure 9.3a), where the temperature shifts of the peaks are depicted.
Melting temperature range is from 3◦C for 0 vol.% of ethanol to -60 ◦C for 75 vol.% of
ethanol. Crystallization range is from -25◦C for 0 vol.% of ethanol to -80◦C for 75 vol.%
of ethanol values; for 90 vol.% and 100 vol.% of ethanol, no crystallization or melting
peak which can be assigned to water or ethanol occurs.
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Figure 9.2: Thermograms for water/ethanol mixtures: a) serie of the first heating; b) serie
of the second cooling
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Figure 9.3: a) Shift of the peak maximum for water/ethanol mixtures: serie of the first
heating and the second cooling; b) Enthalpy ∆H for the water/ethanol mixtures: serie of the
first heating and the second cooling
Difference of the enthalpy ∆H during the crystallization and melting are on the
figure 9.3b). Values for metling and crystallization are not the same because enthalpies
were processed from the integrals and the integration ranges and areas are for melting
and cooling different. Heating values are higher, because of the long onset tail. Avarage
value for 0 vol.% of ethanol is 285J/g what is lower than 333,55J/g [1], then ∆H is
decreasing with decreasing amount of water in solutions.
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9.2 Pure poly(vinyl methyl ether)
The pure PVME is amorphous at ambient temperature. As it follows from figure 9.4, Tg
of pure PVME obtained from the first heating is (-24,4±0,5)◦C (248,75K). This result
consists with [42] (Tg = -26,5◦C) and corresponds to the usual behavior of the polymer
matter. Under the Tg is in the glassy state and above in the rubber or liquide state,
what can be observed at the room temperature – PVME is very viscous and looks like
a glue.
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Figure 9.4: Thermogram for the pure PVME
9.3 Low concentrated PVME – influence of ethanol
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Figure 9.5: Thermograms for PVME 5wt.%/water/ethanol mixtures: a) serie of the first
heating; b) serie of the second cooling
We can see termograms for the first heating (see figure 9.5a) and 9.6a) ) and the
second cooling (figure 9.5b) and 9.6b) ) as obtained for PVME soulutions with low
polymer concentrations. Qualitative evolution of termograms with increasing ethanol
concentration is depicted at figure 9.7. This figure is for 5wt.% of PVME, but also
10wt.% of PVME has the same dependence which is very similar to the termograms of
water/ethanol mixtures. We see peak maximum shifting.
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Figure 9.6: Thermograms for PVME 10wt.%/water/ethanol mixtures: a) serie of the first
heating; b) serie of the second cooling
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Figure 9.7: Thermograms for PVME 5wt.%/water/ethanol mixtures: a) 0vol.% of ethanol;
b) 50vol.% of ethanol; c) 75vol.% of ethanol; d) 100vol.% of ethanol
51
a) b)
-20
-15
-10
-5
0
5
10
15
20
-100 -80 -60 -40 -20 0 20 40
po
we
r [J
/(g
.K
)]
temperature [deg. C]
 cooling 1
 heating 1
 cooling 2
 heating 2
-30
-20
-10
0
10
20
-100 -80 -60 -40 -20 0 20 40
po
we
r [J
/(g
.K
)]
temperature [deg. C]
 cooling 1
 heating 1
 cooling 2
 heating 2
c)
-50
-40
-30
-20
-10
0
10
20
30
40
-100 -80 -60 -40 -20 0 20 40
po
we
r [J
/(g
.K
)]
temperature [deg. C]
 cooling 1
 heating 1
 cooling 2
 heating 2
Figure 9.8: Thermograms for 50vol.% of ethanol with: a) 0wt.% of PVME; b) 5wt.% of
PVME; c) 10wt.% of PVME
During the heating of samples of 40 vol.% and 50 vol.% of ethanol unusual behavior
appears. There is not only one melting peak, but two of them with one crystallization
peak between them. It was proofed that integral intensities of the whole region, for
one or three peaks, are with 3% error the same. This situation corresponds to con-
ception that at this ethanol concentration, forming of supramolecular structures leeds
to maximal intermolecular interactions and thus maximal viscosity [13]. Additional
peaks during heating can be connected with origin of temporary structures and sub-
sequent melting of them. Crystallization peak is weaker with adding PVME into the
water/ethanol mixtures as we can see at the figure 9.8. There (a) shows water/ethanol
without PVME (0wt.%) with the biggest crystallization peak, (b) with smaller one and
(c) has again only one correct peak. This region corresponds to the maximal viscosity
region (see table 2.2) and diffusion minimum (see section 6.4 figure 6.9).
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Comparison of the shifts of the peak maximum for the water/ethanol mixtures
(0wt.% PVME) and 5wt.%, 10wt.% of PVME is in the figure 9.9. Temperature shift of
the peak maximum is decreasing with ethanol concentration and average value between
crystallization and melting peak is between melting point of the pure ethanol and
water -117,3◦C and 0◦C, respectively. The results also shows that PVME has no effect
on melting of water/ethanol mixtures, if we add low concentrations (to 10wt.%) of
PVME, except of slight effect on crystallization for middle concentration of ethanol
(30 vol.% and 40 vol.%).
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Figure 9.9: Shift of the peak maximum for PVME 0wt.%, 5wt.%, 10wt.%/water/ethanol
mixtures: a) serie of the first heating; b) serie of the second cooling
Enthalpy change ∆H is decreasing with higher concentration (see figure 9.10). The
values are lower for samples with higher amount of PVME, that is caused by lower
weight of liquid components which participate on phase transitions. Enthalpy changes
in absolute value for heating are higher than for cooling, because the integrals did not
have clear ranges on the heating curve.
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Figure 9.10: Enthalpy ∆H for PVME 0wt.%, 5wt.%, 10wt.%/water/ethanol mixtures: a)
serie of the first heating; b) serie of the second cooling
53
9.4 Low concentrated PVME – influence of PVME
After measuring whole series with constant PVME concentration, samples with constant
ethanol concentration (0vol.%, 60vol.%, 100vol.%) were investigated for various PVME
concentrations (1wt.%, 5wt.%, 10wt.%, 15wt.%, 20wt.%). It was difficult to obtain
homogeneous and well mixed samples with concentrations above 20wt.% of PVME or
the sample preparation time was too long.
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Figure 9.11: Thermograms for PVME/pure water mixtures: a) serie of the first heating; b)
serie of the second cooling
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Figure 9.12: Shift of the peak maximum for PVME/pure water mixtures: a) serie of the first
heating; b) serie of the second cooling
For pure water/PVME mixtures we can see thermograms on the figures 9.11. There
is slight decreasing trend for shifts of the maximum (see figure 9.12), but the ranges
are narrow from 4 to 6,5◦C for heating and from -18,5 to -24◦C for cooling.
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The sample with 60 vol.% of ethanol has constant dependence of shifts of maximum
for heating (from -70◦C to -72◦C) and cooling (from -50◦C to -51◦C) (see figures 9.13
and 9.14)with estimated 5% error.
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Figure 9.13: Thermograms for PVME/water/ethanol 60vol.% mixtures: a) serie of the first
heating; b) serie of the second cooling
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Figure 9.14: Shift of the peak maximum for PVME/water/ethanol 60vol.% mixtures: a)
serie of the first heating; b) serie of the second cooling
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Figure 9.15: PVME/pure ethanol mixtures: a) thermogram for the second cooling; b) extreme
shifting for the second cooling
As we can see, it was unable to freeze pure ethanol with current DSC spectrom-
eter with used heating rate and nitrogen vapours cooling. Figure 9.15a) shows the
thermogram of this process. Empty aluminium pan was also tested above -140◦C and
spectrometer with given set up was also not able to cool down the pan.
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Figure 9.16: Enthalpy ∆H comparing for Eth 0vol.%, 60vol.%/water/PVME mixtures: a)
serie of the first heating; b) serie of the second cooling
On the figure 9.16 enthalpy changes are depicted. Enthalpy is going down with higher
concentration. The main reson is reducing of liquid component, which is substituted by
PVME. Values vary between 300J/g and 200J/g, 40J/g and 20J/g for heating and
between 250J/g and 180J/g, 30J/g and 20J/g for cooling.
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9.5 High concentrated PVME mixtures
To obtain the high concentrated solutions we prepared vapour bath as we saw at the
figure 8.1. The vapour solvent was only water, no water/ethanol mixtures were prepared.
The water into the PVME has been added during the time as we can see on the figure
9.17 (there are water concentration units). After 4 days we can obtain 55wt.% of PVME,
then the invaporisation is very slow.
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Figure 9.17: Time dependence of water concentration during preparation of high concentrated
PVME mixtures
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Figure 9.18: PVME/water mixtures themograms: a) 5wt.% of PVME; b) 63wt.% of PVME;
c) 83wt.% of PVME
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The next serie of graphs at the figure 9.18 shows the basic types of thermograms
through the whole concentration region. There are only water peaks in the thermogram
(a) at low concentrations (0wt.% – 20wt.%), there is too much water and PVME chains
are completely dissolved in the water. On the other side, we can see only glass transition
on the thermogram (b) of high concentrations, water is built in the chains and the
chains prevent water from freeze and second peak around 40◦C shows phase separation
of PVME.
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Figure 9.19: High concetrations of PVME/water mixtures: Tg dependence with Couchman
– Karasz curve
The glass transition at the Tg is depicted at the figure 9.19 also with the theoretical
curve named by Couchman and Karasz (see equation 7.1). The points have much higher
Tg than they suppose to have. That is because PVME forms small nuclei or germs and
in such way increases the viscosity of the mixture as shows the equation 7.1. As we
know higher viscosity evokes higher Tg. It seams that water molecules do not freeze
as they are bond to polymer chains, but on the other side this interaction does not
contribute to sequential motion of the polymer and thus does not influence Tg.
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9.6 Temperature-composition diagram of PVME/water
mixtures
Figure 9.20 shows whole temperature-composition diagram for PVME solutions in wa-
ter. We were not able to prepare samples in the middle concentration region as we
can see at the figure 9.20 – adding water into the PVME take a long time to prepare
homogeneous matter and invaporization stops around the value 55wt.% of PVME as
we can see at the figure 9.17.
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Figure 9.20: Experimental temperature-composition diagram for the PVME/water solutions
On the picture 9.20 downwards we can see:
Phase separation displayed by black points around 40◦C. This phenomenon was not
studied in the frame of this work.
There are also depicted melting and crystallization temperatures – red points. For
the low concentrations crystallization temperatures are taken from the cooling thermo-
gram. For the higher concentrations the final value results as intensity of two melting
peaks minus intensity of the cryslallization peak. Results are for the whole concentra-
tion region of PVME constant. Crystallization is fluctuated around -20◦C and melting
temperature around 3◦C.
Further, we can see Tg temperatures in blue color. For low concentrations, the values
of Tg were calculated from the equation 7.1, where PVME concentration plus concen-
tration of nonfreezable water was taken for ω. Amount of nonfreezable water was calcu-
lated as (1−∆Hx/∆H0), where ∆Hx and ∆H0 are enthalpy change of crystallization
for PVME solution with xwt.% and 0wt.% of PVME, respectively.
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Chapter 10
Conclusions
The results of the NMR experiments are following.
At the low temperatures, the dynamic processes are slow as the consequence of the
forming of the molecular complexes in the samples. With increasing temperature the
processes are more dynamic as intermolecular structures are broken.
Reffering shift of CH3 on the constatnt value, chemical shift of ethylen group is
constant and OH peaks for water and ethanol have decreasing frequency with increasing
temperature. Water and ethanol OH peaks difference is moreless constant, that means
hydrogen bonds in ethanol and water are weakened similarly and the clusters are getting
smaller in the same way.
1H T2 relaxation time and diffusion coeficients are increasing with temperature
for all groups except T2 relaxation times for OH group. There is a maximum between
250K and 270K because of the competition of molecular motion and chemical exchange.
Ethanol concentration dependence has an minimum which corresponds to the viscosity
maximum around 50 vol.%.
13C relaxation times T1 and T2 are increasing with temperature. T2/T1 ratio is de-
creasing from value T2/T1 ≈ 1 to 0,4. After 300K, decreasing is faster, that corresponds
to the coalescence of the OH peaks in the 1H spectra. NOE values are increasing with
temperature from 2,2 to the values around 2,9.
If we suppose the molecule of ethanol is isotropic rigid sphere, the hydrodymanic
radii derived from the translation diffusion and from the rotation correlation time show
values of units A˚. Radii from diffusions better describe the ethanol complexes – from
structures of several molecules (rt ≈ 4A˚) to the clusters consisted of one molecule
(rt ≈ 1A˚).
DSC method is not proper to investigate the clusters in water/ethanol with or with-
out polymer, but it describes the general properties of these mixtures. Tg shifts to the
lower values of temperature with increasing amount of ethanol, as well as crystallization
and melting temperatures does. Enthalpy change of phase changes is also decreasing
with ethanol concentrations. For 50 vol.% of ethanol, melting process is characterized
by complicated shape of thermogram; increasing content of PVME simplifies this curve.
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